Abstract: Several copolymers formed by acrylamide and diallyldimethyl ammonium chloride containing different fractions of charged diallyl residues, x, were synthesized. Solution properties of linear samples of these copolymers were studied by size exclusion chromatography coupled to differential refractive index and light scattering detectors, which allowed the determination of molecular weight averages, molecular dimensions, scaling law coefficients, and unperturbed dimensions. The results were compared with those of the corresponding homopolymers i.e., polyacrylamide and poly(diallyldimethylammonium chloride). On the other hand, crosslinked samples of the copolymers were prepared and their swelling in water was studied. The correlation between the solution properties of the linear samples and the swelling behaviour of their crosslinked counterparts can be illustrated through the relationship between the characteristic ratio of the unperturbed dimensions and the equilibrium degree of swelling since both magnitudes exhibit a similar dependence on x. Moreover, this dependence is not linear and it passes through a maximum at ca. x ≈ 0.5.
Introduction
Polyelectrolytes are polymers with ionizable groups that, when the polymer is dissolved in a polar solvent, can dissociate into a macroion and the oppositely charged counterions [1, 2] . The extent of the dissociation depends on the chemical nature of the solvent and the thermodynamical conditions of the system. Thus, characterization of polyelectrolyte solutions by experimental techniques such as size exclusion chromatography (SEC) is much more difficult than that of neutral polymers because the interactions between electrical charges on the polymers and counterions contained in the solution strongly modify the conformational distribution of the polymer chain and consequently produce huge changes on the size and shape of the macromolecules [3] [4] [5] . The addition of laser light scattering detectors to the normally used concentration detectors offers many advantages over conventional SEC [6] [7] [8] [9] [10] . We have studied [11] [12] [13] several polyelectrolytes by SEC coupled to a multiangle laser light scattering detector (MALS) which is sensitive to both molecular weight and radius of gyration of the eluting polymer, and a refractive index detector (RI) which provides the concentration of the solution emerging from the column, thus allowing us to determine properties such as unperturbed molecular dimensions and scaling law parameters [14, 15] .
The polyelectrolytes used for this work are copolymers of acrylamide and diallyldimethylammonium chloride which have already been used as polyelectrolytes of variable charge densities for several physicochemical studies [16] [17] [18] [19] . Several copolymers containing different fractions of diallyl residues where synthesized. Solution properties of linear samples of these copolymers were studied in aqueous NaCl solution by SEC with double detection and the results compared to the corresponding homopolymers. These are a cationic polyelectrolyte, poly(diallyldimethylammonium chloride) (PDDA) that we have recently studied [11, 20] and a hydrophilic neutral polymer, polyacrylamide (PAM).
On the other hand, hydrogels are crosslinked, hydrophilic polymer networks, which can swell in water and polyacrylamide hydrogels have been widely studied in the literature [21] [22] [23] [24] [25] [26] . This water sorption ability of hydrogels is an important characteristic of these materials and accounts for many of their applications in areas such as chemistry, pharmacy, agriculture or biotechnology [27] [28] [29] .
The swelling degree of hydrogels in water depends not only on the crosslinking density, but also on the chemical nature of the polymer chains. Some of the factors that affect hydrogel swelling, such as chain flexibility or interaction with water, also influence the dimensions that the linear (uncrosslinked) polymer chains adopt in solution [30] [31] . Thus, the present work deals not only with the study of polyelectrolytes in solution but also with the swelling properties of the corresponding crosslinked polyelectrolyte hydrogels. With this aim, crosslinked samples of these copolymers were also synthesized, and their water swelling properties were investigated. Thus, the dependence of swelling of crosslinked polymers on the ionic content that comes from the diallyl moieties can be investigated. Moreover, the correlation between swelling degree of crosslinked samples and the unperturbed molecular dimensions and scaling law constants, typical of linear samples, can be illustrated.
Results and discussion

Chromatograms and Scaling laws
Figs. 1 and 2 show the RI signal and one of the MALS signals (at 90º) respectively, for the homopolymers, polyacrylamide, PAM, and poly(diallyldimethyl ammonium chloride), PDDA [11] , and two of the copolymers, copol3 and copol4 using aqueous NaCl 0.5 M solution as eluent. The logarithmic plots of molecular weight and root mean squared radius of gyration versus elution volume are also depicted in Fig. 1 and Fig. 2 respectively. The averaged values of polydispersity, molecular weight and radii of gyration for all the polymers are presented in Table 1 . The plots for copolymers and PAM are, to a certain extent, similar whereas the one for PDDA is completely different. Thus, the relationship between molecular weight and elution volume for all the copolymers, even for the copolymer with higher ratio of diallyl moieties, copol4, is much closer to PAM than to PDDA, and the same is true for the relationship between radius of gyration and elution volume.
The scaling laws relating the size (radius of gyration) and the molecular weight <s 2 > 1/2 = Q M q provide information about shape and size of the polymer and, if the polymer is in random coil, of the thermodynamic quality of the solvent [14, 15] . Thus, for random coil polymers at theta conditions, q = 0.5 and the unperturbed radius of gyration <s 2 > 0 scales with M in the random walk manner. The exponent q increases with the quality of the solvent and reaches the value 0.6 for very good solvents. The scaling laws obtained for all polymers in aqueous NaCl 0.5 M solution are linear and those for PAM, and copolymers copol3 and copol4 are presented, as an example, in Fig. 3 , while the values of the q and Q parameters for all polymers are collected in Table 2 . [11, 33] which indicates that the system is close to θ conditions, and the copolymers q values range from 0.53 to 0.59. Thus, the presence of neutral acrylamide residues favors the polymer expansion of copolymers and it renders the aqueous solution into a much better solvent for the copolymers than for the homopolymer PDDA.
Unperturbed dimensions
The sets of values of radii of gyration versus molecular weight (scaling laws) for each sample can be used to obtain the unperturbed dimensions of the chain [14] . For polymers in good solvents, a widely used expression is the Fixman extrapolation [34] , defined in eq. 1:
In this equation B represents the extent of the solvent-polymer interaction [14] and provides <s 2 > 0 /M as the intercept. Table 2 . The length of a polymeric chain is customarily represented by the characteristic ratio C N , defined as the ratio of the unperturbed dimensions of the real chain to the dimensions of a freely jointed chain containing the same number of skeletal bonds, N [14] :
where <r 2 > 0 is the unperturbed value of the mean square end to end distance, which for flexible chains can be obtained as <r 2 > 0 = 6<s 2 > 0 , M 0 is the molecular weight of the repeating unit which depends on the chemical composition, n is the number of skeletal bonds of the repeating unit, i.e. 2 for acrylamide residues and 4 for diallyldimethylammonium residues, and l the length of these bonds, i.e. l = 0.153 nm for a single C-C bond. The values of C N computed from the Fixman extrapolations are shown in Table 2 and they are depicted versus the molar fraction of diallyl moiety, x, in Fig. 5 . Polyacrylamide, PAM, (x=0) has smaller unperturbed dimensions than PDDA, thus, it is not surprising that all the copolymers have larger unperturbed dimensions than polyacrylamide. However, the relationship between the values of C N and the amount of cationic content of the copolymer is not linear as it passes through a maximum. It is noteworthy to point out that the dimensions of the copolymers with values of x = 0.5±0.2 are larger than those of the homopolymer PDDA. These results are in agreement with the values of intrinsic viscosity determined by Brand et al. for several copolymers [16] . It is true that the copolymers measured by those authors have different molecular weight and the intrinsic viscosity depends on molecular weight of the sample. However, the careful experimental work done in that paper proves that the variation of intrinsic viscosity with x cannot be accounted by just a variation of molecular weight. Chain conformation and the related chain dimensions in polyelectrolytes are influenced not only by local, short-distance effects such as conformation of the neighboring monomer units, but also by long-distance interactions between chain segments, such as electrostatic forces, which are in turn quite complex result of repulsion between charged monomer units as well as attraction/binding/screening phenomena related with the presence of counterions. Extrapolation to unperturbed conditions in which long range interactions between segments of the same chain (i.e. intramolecular long range interactions) are counterbalanced with intermolecular interactions taking place among segments of different chains and between polymer segments and solvent molecules allows neglecting long range interactions and therefore studying conformational properties in terms of short range interactions of a single chain. Thus, the dependence of unperturbed dimensions on copolymer composition can be explained, at least at a qualitative level, by analyzing short sequences of acrylamide (AM) and diallyl (DA) units.
Brand et al. [16] determined the reactivity ratios for AM and DA monomers by studying the 13 C NMR spectra of several copolymers containing different fractions x of DA units Thus, they reported the values r DA = 0.35 and r AM =5.0. With these ratios it is easy to compute the fractions of all the allowed triads in the copolymer chains. The results (shown in part in Fig. 4 of ref. 16 ) indicate that AM-AM-AM is the most frequent triad followed by AM-AM-DA (with its mirror image DA-AM-AM) and AM-DA-AM up to DA contents of ca. x = 0.7. Thus, we can think of the copolymers obtained with x 0.7 as being polyacrylamide homopolymers in whose chains a single isolated AM unit is replaced by a DA, this kind of replacement being more frequent as x increases. The conformational characteristics of polyacrylamide are similar to those of other vinyl polymers bearing a huge and roughly planar side group such as poly(methyl acrylate). Thus, the preferred conformations are tg and gt for meso chains and tt, tg, gt for racemic [14, [35] [36] [37] . The combination of these conformations produces short segments whose persistence directions join almost at random directions. Consequently, the averaged dimensions of the polymer chain are relatively small despite the fact that any of those conformations alone would produce very extended chains. When the sequence of AM units is disrupted by a bulkier DA residue the preference for extended trans conformations, in which the conformational energy is smaller, increase and therefore the unperturbed dimensions of the copolymer increases with the DA content.
On the other hand, DA-DA-DA is the most frequent sequence at very high values of x, followed by DA-DA-AM (with its mirror image AM-DA-DA) and DA-AM-DA. Thus, the copolymers at this region can be regarded as polydiallyl chains in which a few units are replaced by AM. In polydiallyl homopolymer chains the bulkiness of the repeat units precludes a straight line persistence of the skeleton, which again is formed by short segments joining at different angles [20] and the unperturbed dimensions, although higher than those of polyacrylamide, are not as large as one could expect for such a rigid repeat unit. In this situation, the AM residue can be regarded as a spacer separating the bulkier DA groups. Provided that the AM residue is in trans conformation, the separation between the two DA will be large, consequently the interaction among them will be small and the conformation will be stable. Any other conformation of the AM residue would bring the two DA groups into close proximity thus rising strong repulsions that would preclude the existence of such a conformation: Therefore, the preference for extended conformations will increase with increasing content of AM units (i.e. decreasing x).
In brief, the molecular dimensions should increase / decrease with increasing x at low / high values of x and therefore would exhibit a maximum at intermediate values of x as it was experimentally found.
Crosslinked copolymer samples of different composition (different x), synthesized as explained in the experimental part, were swollen in water until the equilibrium was reached, and then the degrees of swelling were determined. The unperturbed dimensions obtained in solution are similar to the dimensions in the amorphous solid polymer [14] . Thus, a relationship between the behaviour of polymer in solution and in gel form is not surprising. Figure 5 depicts the degree of swelling of the different hydrogels synthesized versus the molar fraction of diallyl moiety, x. As can be seen in the figure the pattern is similar to that of C N , suggesting that unperturbed dimensions and swelling properties follow a similar trend. This behaviour seems quite reasonable since small molecular dimensions for a chain with a given number of repeat units means that those units are close to each other and therefore will leave less space to solvent molecules than similar chains having larger molecular dimensions.
Although the degree of swelling of hydrogels is extremely important with regard to the use of these materials, swelling measurements are time consuming since equilibrium has to be reached and this can take several days. The correlation between unperturbed dimensions that can be obtained straight away from solution measurements of the copolymers by SEC-MALS, and swelling degree would afford to anticipate information relative to the swelling of hydrogels.
Conclusions
Both linear and crosslinked copolymers of acrylamide and diallyldimethyl ammonium chloride were synthesized. The swelling degree for hydrogels, formed by crosslinked samples, show a strong correlation with the unperturbed dimensions of linear chain dimensions of their linear (uncrosslinked) chains, as determined by SEC-MALS measurements. This offers a way to predict information about the swelling properties of hydrogels by measuring the solution properties of their linear polymer chains which require less time than the determination of the composition at swelling equilibrium. Moreover, the dependence of both the swellability of the gels and the unperturbed dimensions on the fraction of charged diallyl units, x, is not linear and it exhibits a maximum at ca. x ≈ 0.5.
Experimental part
Materials
Diallyldimethylammonium chloride, (DDA, concentration 65 wt. % in H 2 0) and N,N'-methylenebisacrylamide (MBA, 98%) were purchased from Aldrich. Acrylamide (AM, 98.5%) was obtained from Acros. Hydrogen peroxide (35%) and NaCl (99.8%) were obtained from Scharlau. All these products were used as received Polyacrylamide (PAM) and four copolymers of acrylamide and diallyldimethyl ammonium chloride, with different molar ratio of the comonomers (see Table 1 ), were synthesized by radical polymerization, under nitrogen atmosphere, at 80 ºC, using hydrogen peroxide as initiator [16] . Chemical composition of copolymers was determined by NMR using the procedures described in the literature [16, [38] [39] and it is depicted in Table 1 .
Gels were produced in an oxygen-free aqueous solution by radical polymerization with different ratios of the monomers acrylamide and diallyldimethyl ammonium chloride using the same concentration of N,N'-methylenebisacrylamide (MBA), 5 10 -3 M, as the crosslinking agent. Duplicate samples of each polymerization were simultaneously carried out, one with the crosslinking agent and another one without it. The linear copolymer samples obtained in the polymerizations without crosslinking agent were used for the computation of the chemical composition by NMR as described above.
The hydrogels thus obtained were divided into several samples. Part of the samples were washed with water and dried in vacuum to constant weight, whereas the other samples were used for swelling measurements. Thus, they were immersed in a large excess of water during several days until the swelling equilibrium was reached. The degree of swelling was calculated as the ratio of the weight of the hydrogel swollen to equilibrium in the solvent to that of the dry gel.
Measurements
SEC measurements were carried out using an equipment consisted of a Waters Associates model 510 pump with a 0.1 m on-line filter (Millipore), a U6K injector (Waters) and two different detectors: an Optilab Interferometric Refractometer (RI) operating at 632.8 nm and a Dawn DSP-F multiangle light scattering (MALS) photometer, equipped with a He-Ne laser ( 0 = 632.8 nm), both from Wyatt Technology Corp. The chromatographic columns used, Ultrahydrogel Linear 6-13µm (Waters), were kept in an oven at 25 ºC. The flow rate was 0.5 ml·min -1 . An efficient chromatography is necessary in order to obtain right and proper data which is necessary to obtain true data. Aqueous 0.5 M NaCl solution was used as eluent in the chromatography since it was an appropriate solvent for the parental polyelectrolyte PDDA [11, 40] . Water and the aqueous 0.5 M NaCl solution were filtered through a 0.2 m mixed cellulose ester membrane (Millipore Co.) and degassed. Samples of copolymers were prepared at least 24 hours in advance and filtered through 0.45 m mixed cellulose ester membrane (Millipore Co.). Repeated injections were made for each sample at different concentrations (<5 mg·ml -1 ) to ensure the reproducibility of the results.
The MALS photometer was calibrated with spectrometric grade toluene (Scharlau). The normalization of the detectors in the different aqueous solutions was performed with low molecular weight, standard samples of poly(ethylene oxide) and dextran. This detector simultaneously measures the excess Rayleigh ratio at different angles (thirteen different angle values, ranging from 21 to 159 degrees were used) and allows calculating the molecular weight, M , and the mean square radius of gyration, <s 2 >, for each slice across a sample peak of the size exclusion chromatogram according to the basic equation [6, 41] 
where ΔR is the excess Rayleigh ratio at angle of observation , the light wavelength in the solution, and K represents the optical constant that is related to the wavelength in vacuum, 0 , the solvent refraction index, n, Avogadro's number, N A , and refraction index increment, dn/dc by: The differential refractive index increments were determined with a Brice-Phoenix differential refractometer at 25.0 0.1 ºC, at 436 and 546 nm and extrapolated to 632 nm using Cauchy relationship. Values of dn/dc = 0.17 ml·g -1 were obtained for polyacrylamide, and the copol4 in 0.5 M NaCl solution. Taking into account that we also found a value of dn/dc = 0.17 ml·g -1 for PDDAC [11] , the same value of 0.17 ml·g -1 has been used for the rest of copolymers in the NaCl solution.
